have reported that preparations of carnitine acetyltransferase [acetylCoA-(-)-carnitine O-acetyltransferase, EC 2.3.1.7] from pig heart catalyse the reversible transfer between CoA and (-)-carnitine of n-acyl groups containing from two to 10 carbon atoms. For the reaction Acyl-CoA + (-)caritine CoASH + acyl-(-)-carnitine (1) the rate with propionyl-CoA was about 125% of that with acetyl-CoA; thereafter, rates decreased with increasing acyl group chain length. These measurements were only made, however, at a fixed concentration of both acyl-CoA and (-)-carnitine.
It was thus not clear whether the observed variations in reaction rate reflected changes in the affinity of the enzyme for the various acyl-CoA derivatives, in the catalytic rate constant for the transfer of different acyl groups, or in both of these factors. Subsequently, while Fritz et al. (1963) had found that palmitoyl-CoA was not a substrate for carnitine acetyltransferase, observations made in this Laboratory by Dr D. J. Pearson suggested that this compound was, in fact, a potent inhibitor of the enzyme.
The present work describes kinetic studies with a number of acyl-CoA and acylcarnitine derivatives as substrates of carnitine acetyltransferase, together with the characterization of the inhibition by longchain acyl-CoA. It was hoped that the determination of kinetic constants for a range of substrates of this enzyme might provide confirmatory evidence for the reaction mechanism proposed by Chase & Tubbs (1966) . A brief report of this work has appeared (Chase, 1966 (Simon & Shemin, 1953) . Sorboyl-CoA was made from CoASH and sorboyl chloride (Seubert, 1960) .
(2) Other acyl-CoA derivatives were obtained by causing CoASH to react with mixed anhydrides of the fatty acid concerned and ethyl hydrogen carbonate. These were prepared from the free acids and ethyl chloroformate as described by Stadtman (1957) (Stadtman, 1957) . Mixed anhydrides of n-octanoic acid and its higher homologues were found to betoo insoluble in water to react satisfactorily in this system, a problem which may be overcome by adding 0-5ml. of tetrahydrofuran to the CoASH solution before treating it with the acylating agent.
The pH of the nitroprusside negative reaction mixture is adjusted to about 2 with HCI and any tetrahydrofuran present is removed by passing N2 through the solution at 35°. At this stage, the precise technique required for the removal of impurities, mainly free carboxylic acid and acylthioglycollic acid, from the acidified acyl-CoA preparations depends somewhat on the chain length of the acyl group in question. Thus, solutions of decanoyl-CoA and shorterchain acyl-CoA derivatives, which are largely or completely soluble at this pH, should be extracted six to eight times with portions (5ml.) of ether. The aqueous acyl-CoA solution is then brought to pH4"6 by the addition of drops of m-KHCO3, residual ether is removed in a stream of N2 at room temperature and the solution stored frozen. Lauroyl-CoA and longer-chain acyl-CoA derivatives are insoluble in acid solution. They may be purified by centri. fuging, washing the precipitate twice with ether and redis.
solving the acyl-CoA by the dropwise addition of KHCO3, to give a solution of about pH6. Anyremaining undissolved material is removed by centrifugation and the cycle of acidification, extraction and neutralization is repeated twice. The product is stored either frozen in solution at pH 4-6 or as a solid in a vacuum desiccator at -150; 50-90% yields of acyl-CoA derivatives are obtained by this procedure.
Preparation of acyl-(-)-carnitine derivative8. Acetyl-(-)-carnitine hydrochloride was made by treating (-)-carnitine hydrochloride in solution in acetic acid with acetyl chloride (Fraenkel & Friedman, 1957) ; butyryl-(-)-carnitine hydrochloride was prepared similarly from carnitine dissolved in butyric acid and butyryl chloride. Both products were recrystallized twice from acetic acidacetone (Chase & Tubbs, 1966) .
Decanoyl-(-)-¢arnitine hydrochloride, made from (-)-carnitine hydrochloride and decanoyl chloride by the method of Bremer (1962b) , was recrystallized as above.
Purity and assay of substrates. All enzymic assays were performed on a Beckman DK-2 recording spectrophotometer. Solutions of the various substrates of carnitine acetyltransferase were prepared as described by Chase & Tubbs (1966) and assayed on the day of an experiment.
CoASH, (-)-carnitine and acetyl-(-)-carnitine solutions were estimated as described by Chase & Tubbs (1966) .
Acetyl-CoA was specifically assayed by the procedure of Chase (1967) . Propionyl-, butyryl-, pentanoyl-, hexanoyl-, sorboyl-, heptanoyl., octanoyl-, nonanyol-and decanoyl-CoA were determined by measuring thiol release with 5,5'-dithiobis-. (2-nitrobenzoic acid) in the presence of carnitine acetyltransferase and an excess of carnitine. The system comprised: tris, pH7-8, 100mm; 5,5'-dithiobis-(2-nitrobenzoic acid), 0 5mM; DL-carnitine, 2-5mm; water to 2-0ml. Free thiol in the preparation was calculated from the increase in extinction at 412m,u on the addition of 10-50m,umoles of acyl-CoA. The subsequent addition of about 10,ug. of carnitine acetyltransferase gave a further increment equivalent to the acyl-CoA added, the increase in molar extinction at 412m,u for the release of 5-thiol-2-nitrobenzoate being taken as 13-6 x 103cm.-1 (Ellnan, 1959) . In no case was the free thiol content of any acyl-CoA derivative in excess of 2%. Measurements ofacetyl-CoA present as an impurity in propionyl-and butyryl-CoA preparations were made by using the specific citrate synthase assay for acetyl-CoA (Chase, 1967) (Seubert, 1960) .
For the samples used here, this ratio was found to be 1-74 for lauroyl-CoA, 1-79 for myristoyl-CoA and 1-73 for palmitoylCoA, suggesting that no significant u.v.-absorbing impurity was present. None of these materials contained any detectable free thiol.
The determination of medium-chain-length acylcarnitine derivatives was based on reaction (2), which has an equili-
brium constant 0-6 (Fritz et al. 1963 Kinetic meaaurements. Initial reaction rates were followed speotrophotometrically at 232mu as described by Chase & Tubbs (1966) . All experiments were conducted at pH7-8 and 30°, with an assay system identical with that described in the earlier paper, except that larger amounts of carnitine acetyltransferase, up to 2-5ug. per assay, were required when studying transfer of the longer-chain acyl groups.
Expreaeion of results. Michaelis constants were obtained by expressing initial reaction velocities at various substrate concentrations in the form of double-reciprocal plots (Lineweaver & Burk, 1934) . Lines were fitted to the experimental points by eye and extrapolated to cut the abscissa. RESULTS Mea&surement8 of kinetic con8tant8 for the reaction between (-)-carnitine and a range of acyl-CoA derivative8. Michaelis constants were obtained for acyl-CoA derivatives of chain lengths between propionyl-and decanoyl-at a number of different -(-)-carnitine concentrations and vice versa (Figs. 1 and 2). Values of V'm., the maximum velocity of this reaction at infinite concentration of both substrates, were derived from these data by making secondary plots of intercept on the ordinate against the reciprocal of the second substrate concentration (Florini & Vestling, 1957) . These values were related to V'm. with acetyl-CoA as a substrate by determining the latter in a similar manner on (Fig. 3) . The contribution of the decanoyl-CoA, a poor substrate, to the observed initial rates was ignored.
the same day and with the same enzyme solution.
Two distinct types of result were seen. When acyl-CoA derivatives between propionyl-and heptanoyl-CoA, including sorboyl-CoA, were the substrates, Km values for both the acyl-CoA and (-)-carnitine were independent of the concentration of each other (Fig. 1 ). This is also the pattern seen with acetyl-CoA (Chase & Tubbs, 1966) . The Km of carnitine acetyltransferase for each of these acyl-CoA substrates was found to be experimentally identical and the Km for (-)-carnitine was independent of the acyl-CoA used (Table 1) . V'Tax was found, in general, to decrease with increasing chain length of the group transferred, although for sorboyl-CoA it was an order of magnitude less than the value for the corresponding saturated derivative, hexanoyl-CoA (Table 1) . Kinetic data obtained with octanoyl-, nonanoyland decanoyl-CoA as substrates follow a rather different pattern. In each case, the Km ofthe enzyme for (-)-carnitine rises with increasing acyl-CoA concentration and vice versa (Fig. 2) . V'm,, diminishes further with increased acyl-group chain length (Table 1) .
Inhibition of the enzyme by long-chain acyl-CoA.
In agreement with the results of Fritz et al. (1963) , palmitoyl-CoA was found not to be a substrate for carnitine acetyltransferase. The same applies to myristoyl-CoA, although, when very large amounts of enzyme were used, a small rate of reaction between lauroyl-CoA and (-)-carnitine was apparently observed. This was, however, less than 0-1 % of the rate expected with acetyl-CoA under the same conditions and may have been due to contam- ination of the lauroyl-CoA with traces of shorterchain substrates. The three long-chain acyl-CoA derivatives were found to inhibit the enzyme reversibly, competing with acetyl-CoA (Figs. 3b and 4b) . Lauroyl-and Bioch. 1967, 104 Michaelis constants were obtained from double-reciprocal plots (e.g. Fig. 6 ). Values of VmaS were calculated from secondary plots of these data as described in the text, the value for the reaction with acetyl-(-)-carnitine as substrate being taken arbitrarily as 100.
Acyl myristoyl-CoA exhibit a mixed inhibition with respect to (-)-carnitine (Fig. 3a) , and palmitoylCoA is a strict competitor for this substrate (Fig. 4a) . Mea8urement of kinetic con8tant8 for the reaction between acyl-(-)-carnitine derivative8 and CoASH. Michaelis constants for butyryl-and decanoyl-(-)-carnitine were found to be independent of the CoASH concentration used and vice versa (Fig. 5) , the pattern being similar to that seen with acetylcarnitine (Chase & Tubbs, 1966) . Vm., for the enzyme acting on each of the acylcarnitine sub- strates was calculated as before. These results, together with the comparable figures for the reaction between acetyl-(-)-carnitine and CoASH obtained with the same enzyme preparation, are shown in Table 2 . Km values for both CoASH and the acylcarnitine are more or less independent of the length of the acyl group being transferred, in contrast with the findings above for the acyl-CoA series. Palmitoyl-DL-carnitine is not a substrate for carnitine acetyltransferase. No inhibition of the enzyme was observed in the presence of this compound at a concentration of 100 pM. and 500SM (E3). DISCUSSION Chase & Tubbs (1966) proposed that the kinetics of the acetyl group transfer between CoA and (-)-carnitine catalysed by carnitine acetyltransferase could be explained if the mechanism of action of the enzyme involves four binary and two ternary enzyme-substrate complexes in equilibrium with free enzyme and substrates. The rate-limiting step of this random-equilibrium mechanism is the interconversion of the ternary complexes, that is the acetyl group transfer itself. Two independent substrate-binding sites exist on the enzyme, one specific for carnitine or acetylcarnitine, the other for CoASH or acetyl-CoA, and binding of substrate to one site has no effect on the affinity of the enzyme for the other substrate. Alberty (1953) has showed that the initial rate kinetics of an enzyme-catalysed reaction proceeding by such a mechanism could be described by equation (3). vo =-Vmax.
(+ K 1) K2~H ere K' and K', the Michaelis constants for substrates Si and S2, approximate to the values of the equilibrium dissociation constants for the ES1 and ES2 complexes respectively. A characteristic of such a mechanism is that the catalytic rate constant is, by definition, absent from the combinations of rate constants that make up the Km terms. In contrast, rate equations describing mechanisms involving the ordered addition of substrates to the enzyme, which were excluded with carnitine acetyltransferase by the effects of product inhibition (Chase & Tubbs, 1966) , include the catalytic rate constant in the expressions for Michaelis constants (Alberty, 1953) . Thus, for an enzyme working by an ordered addition mechanism, changes in the experimental conditions which alter Vm... should cause a parallel change in the Km terms, although the reverse will not necessarily hold. In this paper and the preceding one a number of experiments are described in which Vmax. and Km values for the carnitine acetyltransferase system have been independently altered by several orders of magnitude. Such results will be interpreted as further evidence in favour of the application of the randomequilibrium mechanism to this system.
From the results of Fig. 1 and Table 1 , it is seen that the Michaelis constants for acyl-CoA substrates from acetyl-to heptanoyl-CoA are experimentally identical (38 + 6PUM), whereas Vma. for the catalysed reaction decreases about 10-fold over this range of substrates. Furthermore, carnitine acetyltransferase binds sorboyl-CoA with Km 33UtM, which is similar to the value found for the other short-chain acyl-CoA derivatives, but Vma.. with this substrate is only 0.84% of that with acetyl-CoA. Thus Vmax. is altered on changing from acetyl-to sorboyl-CoA by more than 100-fold whereas Km is unaffected. As argued above, this is compatible with a randomequilibrium mechanism for carnitine acetyltransferase. By analogy with the earlier results for acetyl-CoA (Chase & Tubbs, 1966) , Km values for all the short-chain acyl-CoA substrates may be taken to represent dissociation constants (K, values) for the respective ES complexes.
The pattem obtained with medium-chain-length (octanoyl-, nonanoyl-and decanoyl-) acyl-CoA substrates (Fig. 2) appears to show that binding of these derivatives to the enzyme lowers its affinity for (-)-carnitine and vice versa. Frieden (1957) has shown that, for a random-equilibrium mechanism giving rise to reciprocal plots of the type seen in Fig. 2 Table 1 was therefore calculated from the data of Fig. 4 according to equation (4) by assuming that K= =o; K, and Ku for the other acyl-CoA inhibitors were calculated from the abscissa intercepts (Fig. 3b) and the vertical height above the abscissa at which the mixed inhibition lines meet (Fig. 3a) , also according to eqn. (4). The observed interaction between acyl-CoA and (-)-carnitine binding for acyl groups containing eight or more carbon atoms provides a marked contrast with the independent binding characteristic of the short-chain substrates. This could be a reflexion of a different mechanism of action of the transferase when acting on the two sets ofsubstrates but a more plausible explanation is apparent when the K, values for the various acyl-CoA derivatives are expressed in the form shown in Fig. 7 . Here pK, (pK. = -logK8; K. = Km or K1 as applicable) is plotted against the length of the acyl-CoA side chain. The horizontal portion of the graph represents the invariant value of Km for short-chain acyl-CoA ,but the subsequent rise between octanoyland palmitoyl-CoA shows that for these derivatives there is an equal increment in pK, for each additional -CHR2-in the acyl group, equivalent to a AGO of binding -031kcal./mole (AGO= -RTlnK,).
It is suggested that the carnitine acetyltransferase molecule contains a hydrophobic region with which an acyl-CoA hydrocarbon side chain containing eight or more carbon atoms may interact, enhancing acyl-CoA binding. The presence of a hydrocarbon chain on this site must hinder binding of (-)-carnitine to the carnitine-binding site and vice versa. The experiments described here do not, in themselves, justify the proposition that separate sites exist on the enzyme for carnitine and hydrocarbon chains, as the results would be equally compatible with a single site capable of binding carnitine or hydrocarbon in a mutually exclusive fashion. On the other hand, carnitine is a very hydrophilic molecule, soluble only in strongly polar solvents. It is thus hard to imagine a single enzyme site having affinity for both the carnitine molecule and a completely non-polar entity such as a hydrocarbon chain and it would seem more likely that separate carnitine and hydrophobic sites are present, the competition observed between ligands attached to the two sites being mediated by a conformational change in the enzyme protein.
If the above analysis of the inhibition of carnitine acetyltransferase by long-chain acyl-CoA were correct, it seemed likely that other molecules containing long aliphatic chains, such as fatty acids, might also inhibit the enzyme. Fig. 6 Webb (1963, p. 300) has calculated the expected free-energy change on bringing together two hydrocarbon chains, initially surrounded by water, to a position in which the parallel chains are separated only by their van der Waals radii as -0-36 to -0-95kcal./mole/CH2 group. This free energy is derived partly from the van der Waals forces between the components of the two chains and partly from the entropy change as water molecules, displaced from a hydrophobic environment, revert to a less ordered state in free solution. Interactions between a hydrocarbon chain and a hydrophobic region on a protein may reasonably be expected to be of the same order of magnitude as hydrocarbonhydrocarbon interactions, but this will depend somewhat on the closeness of the 'fit' achieved between the two non-polar entities. Data collected by Webb (1963, p. 300 (Webb, 1963, p. 288) . Recently, the inhibition of pepsin by aliphatic alcohols (Tang, 1965) decanoyl-(-)-carnitine compared with the values found with acetyl-or butyryl-(-)-carnitine. As argued before, this favours the random-equilibrium mechanism for the carnitine acetyltransferase reaction. The failure of 100,uM-palmitoyl-DLcarnitine to inhibit the enzyme is in line with similar observations by Norum (1963) for enzyme preparations from various rat tissues. Presumably, as the binding of ligands to the carnitine and hydrophobic sites appears to be mutually exclusive, no very potent inhibition analogous to that seen with long-chain acyl-CoA and arising from the co-operative effect of binding to two sites at once would be expected. An inhibition by the hydrocarbon chain or the carnitine moiety alone would probably have Ki of the order of 300 tM, by analogy with the Ki for palmitate inhibition and the Km values for acylcarnitine substrates. This might not have been detected at the palmitoylcarnitine concentration used, which was about as high as the limited water solubility of this compound will permit.
Finally, the physiological significance, if any, of the inhibition of carnitine acetyltransferase by long-chain acyl-CoA must be considered. Such inhibition has been made the basis of a number of possible regulatory mechanisms for several enzymes which are more or less directly involved in lipid metabolism. These include citrate synthase (Tubbs, 1963; Wieland & Weiss, 1963) , acetyl-CoA carboxylase (Lynen, Matsuhashi, Numa & Schweizer, 1963) and glucose 6-phosphate dehydrogenase (Eger-Neufeldt, Teinzer, Weiss & Wieland, 1965; Taketa & Pogell, 1966) . The significance of such findings has recently been questioned by two groups ofworkers. Srere & Senkin (1964) found that preincubation of citrate synthase with palmitoylCoA gave rise to an enzyme form which could not be reactivated by the addition of the substrate oxaloacetate, even though this gave substantial protection when added before the inhibitor. Srere (1965) regarded this result as showing a 'non-specific' inactivation of the enzyme due to the detergent properties of the acyl-CoA. It is not clear exactly what is meant by 'non-specific' in this context as specific protection by a substrate does occur and there is, presumably, no reason why the irreversible inactivation of an enzyme should not result from a specific interaction with an effector. Indeed, the demonstration by Wieland, Weiss & Eger-Neufeldt (1964) that stearoyl-3'-dephospho-CoA does not inhibit citrate synthase suggests a very specific requirement for the CoA moiety of such inhibitors to be intact. Taketa & Pogell (1966) , on the other hand, studied the effects of palmitoyl-CoA on a range of enzymes unconnected with lipid metabolism and found a quite marked inhibition of several of them, notably glutamate dehydrogenase and malate dehydrogenase, by low concentrations of this compound. Much of the inhibition observed was irreversible and substrates of the various enzymes afforded no protection. These authors Vol. 104 517 argued that such results are incompatible with a role for long-chain acyl-CoA as a metabolic regulator because its effects appear to be unspecific. Bearing these considerations in mind, it is at least clear that the inhibition of carnitine acetyltransferase by long-chain acyl-CoA is of a classical reversible competitive type. The degree of inhibition observed is independent of time and no irreversible inactivation of the enzyme has been found. In fact, on one occasion, the incubation of a sample of carnitine acetyltransferase with 8 pMpalmitoyl-CoA for 24hr. at 0°caused no loss of activity (J. F. A. Chase, unpublished work), a result which contrasts sharply with those for citrate synthase, acetyl-CoA carboxylase and glucose 6-phosphate dehydrogenase, all ofwhich show timedependent inactivation. It should also be noticed that pahnitoyl-CoA is a much more potent inhibitor of carnitine acetyltransferase than either palmitate or palmitoylcarnitine, molecules which might be expected to show comparable non-specific detergent effects, so that such inhibition would seem to be a specific effect by Srere's (1965) criteria.
Even if the inhibition of carnitine acetyltransferase by long-chain acyl-CoA may be taken to be specific, the consideration of the possible physiological importance of this effect is complicated by the present imprecise understanding of the primary metabolic role of this enzyme. It is tempting to postulate that its function includes the transport of acetyl-CoA out of mitochondria to the site of fatty acid synthesis (Bremer, 1962a; Bressler & Katz, 1965) . If this were so, inhibition of the transferase by long-chain acyl-CoA might constitute a mechanism for feed-back control by the product of fatty acid synthesis upon the transport ofprecursors to the synthetic site. It is, however, far from certain that carnitine acetyltransferase has any major role in fat synthesis (Fritz, 1965) and, indeed, the tissue distribution of the enzyme (Beenakkers & Klingenberg, 1964) may be taken as evidence to the contrary. The activity of the transferase in rat liver is only about 1% of that found in heart, a tissue in which little lipid synthesis takes place. Furthermore, Lowenstein and his group (Kornacker & Lowenstein, 1965; Kornacker & Ball, 1965) have found the main source of extramitochondrial acetyl-CoA in rat liver to be citrate, via the citrate-cleavage enzyme. It remains, however, possible that carnitine acetyltransferase is more important in this function in the livers of animals other than rat. Sauer & Erfle (1966) found the content of this enzyme in ox, sheep and guineapig livers to be 10-20 times that in rat, and Hardwick & Lowenstein (1966) reported very low activity of the citrate-cleavage enzyme in guinea-pig liver.
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